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METHODS

Data and Study Protocol
The blood concentrations of the physiological markers used in the present analyses were taken from a study of the dispositions of markers of intravascular space (ICG), extracellular fluid space (inu-lin), and total body water (antipyrine) in four awake male purposebred coonhounds, weighing 32-42 kg (36.6 Ϯ 4.1 kg) (16) . The dogs were studied with Northwestern University Institutional Animal Care and Use Committee approval under control conditions and in various states of altered cardiac output, peripheral cardiac output distribution, and systemic vascular resistance (SVR) produced by phenylephrine or isoproterenol infusions. The order in which these studies were conducted in each dog was randomized. Details of the preparation and conduct of the studies have been described in detail previously (16) .
Briefly stated, at time t ϭ 0 min, 5 mg of ICG in 1 ml of ICG diluent, 30 Ci of [
14 C]inulin in 1.5 ml of ICG diluent, and 25 mg of antipyrine in 1 ml of ICG diluent were flushed into the right atrium within 4 s using 10 ml of a 0.9% saline solution. Arterial blood samples were collected via an indwelling iliac artery catheter every 0.03 min for the first 0.48 min and every 0.06 min for the next 0.54 min using a roller pump and fraction collector. Subsequently, 35 3-ml arterial blood samples were drawn manually at 0.2-min intervals to 2 min; at 0.5-min intervals to 4 min; at 5 and 6 min; every 2 min to 20 min; at 25 and 30 min; every 10 min to 60 min; every 15 min to 120 min; and every 30 min to 360 min. Plasma ICG and antipyrine concentrations were measured by high-performance liquid chromatography, whereas plasma [ 14 C]inulin concentrations were measured by liquid scintillation counting (16) . Plasma ICG and inulin concentrations were converted to blood concentrations by multiplying them by one minus the hematocrit, as neither ICG nor inulin partitions into erythrocytes. Plasma antipyrine concentrations were converted to blood concentrations by using an in vivo technique that corrects for antipyrine partitioning into erythrocytes by calculating its apparent dose, assuming a red blood cell-to-plasma partition coefficient of one.
The two vasoactive drugs were infused to an end point of at least a 50% decrease in SVR (isoproterenol) or a doubling of SVR (phenylephrine). During the isoproterenol infusion (0.6 -2.0 g/min), SVR decreased to an average of 30% of baseline, Q more than doubled, heart rate nearly doubled, and mean arterial pressure decreased modestly. SVR doubled during the phenylephrine infusion (50 -120 g/ min), Q decreased by more than one-third, mean arterial pressure increased nearly one-third, and heart rate decreased modestly.
Model
Circulatory transport is an essential feature of solute distribution in the body. For arterial sampling, one has to consider at least two subsystems, the pulmonary (or central) and the systemic (or peripheral) circulation, because the dose administered intravenously first passes the right heart, lung, and left heart before the drug appears at the arterial sampling site. The recirculatory model (Fig. 1) is based on the probability density function of transit times (the TTD) of indicator molecules through the pulmonary and systemic circulation, f p(t) and fs(t), and their extraction during one transit through the systemic circulation described as the extraction ratio E ϭ CL/Q, where CL and Q denote whole body clearance of the solute and cardiac output, respectively (33) . Working in the Laplace domain simplifies model building because of the simple rules for connecting subsystems. With application of elementary network theory, the Laplace transform Ĉ (s) of the concentration-time curve C(t) observed as response to an intravenous bolus dose D iv is obtained as follows (APPENDIX A):
where fp(s) and fs(s) are the Laplace transforms of pulmonary and systemic TTD, respectively. The density function of the inverse Gaussian distribution (21) is used as an empirical TTD function for the indicators through the subsystems:
where the subscript i ϭ s or p denotes the systemic or pulmonary circulation, respectively. This function, which represents the first passage time distribution of a random walk process with drift, has been used previously in tracer kinetics (12, 17, 22, 27) and has been found most appropriate in modeling sorbitol disposition in humans (33) . After substitution of the quotient of distribution volume and blood flow for MTT i (i.e., MTTi ϭ Vi /Q), the Laplace transform of fi(t) is given by
The substitution of Eq. 3 into Eq. 1 results in the model of the time course of arterial indicator concentration in the Laplace domain.
Physiological Interpretation of Relative Dispersion
The following interpretation of TTD (Eq. 4) was derived by using a stochastic model of TTD in heterogeneous systems consisting of two separate regions, the intravascular (blood) and extravascular (tissue) region separated by capillary walls, with the aim of describing the TTD of solutes in the isolated perfused hindlimb of the rat (31). Here we apply this model to the systemic circulation, lumping all organs into one subsystem. The blood and tissue phase is denoted by subscripts B and T, respectively. The relative dispersion of TTD of an extravascular marker has three components that account for the influence of intravascular mixing (RD B,s 2 , the advective dispersion of a vascular marker), transcapillary permeation (PS s, the total apparent permeability-surface area product), and intratissue diffusion (ds ϭ L 2 /Deff, the time constant for the intratissue diffusional equilibration process determined by effective diffusivity Deff and the radial length of the tissue phase L) (31):
where vs ϭ VT,s/VB,s, the ratio of tissue to vascular volume, was obtained from the estimates of Vs and VB,s (given Vs ϭ VB,s ϩ VT,s) and MTTB,s ϭ VB,s/Q is the mean transit time of vascular marker (ICG) through the systemic circulation. To apply Eq. 4 to the systemic circulation, its complexity is reduced by lumping together all parallel tissues.
Extravascular marker: inulin. For the interstitial fluid marker inulin, the distribution of which is permeability limited, Eq. 4 can be simplified because d s/MTTB,s Ͻ Ͻ 1 (i.e., assuming instantaneous radial equilibration in the extravascular space or permeability limitation). Therefore, the last term in Eq. 4 approaches zero and RD s 2 increases linearly with increasing cardiac output, the slope of which increases with decreasing capillary permeability PSs of different permeability-limited markers. After rearrangement of Eq. 4, PSs can be calculated from the estimated relative dispersions, distribution volumes, and cardiac output: 
Vascular marker: ICG. That advective dispersion leads to mixing in a circulatory system becomes obvious in the hypothetical case of no dispersion (plug flow), where the injected impulse of a vascular marker would circulate. In contrast to organs, including the pulmonary circulation, where RD B,p 2 is determined by advective transport through the random capillary network, the transit time dispersion across the systemic circulation RD B,s 2 is determined by the heterogeneity of perfusion (Q i) and vascular volumes (VB,i) of organs as well as mixing within individual organs (RD B,i
2 ) assumed to be arranged in parallel (26, 28) :
where the subscript i denotes the i th organ or subsystem with blood 
where RD c 2 is the relative dispersion of circulation times, which is mainly determined by RD s 2 (Eq. A2). An interpretation of CLM in terms of a mammillary compartmental model has been given elsewhere (32) .
Parameter Estimation
To fit Eq. 1 to the data, one needs a nonlinear regression software program by which C(t) can be calculated by numerical inverse
. We used SCIENTIST (MicroMath Scientific Software, Salt Lake City, UT) in which such a procedure is implemented. For each subject, first the ICG data were fitted to estimate the vascular volumes V B,i and relative dispersions RD B,i 2 of the pulmonary and systemic subsystems (i ϭ p,s) together with cardiac output Q and the systemic extraction ratio of ICG, E ICG. The estimate of Q was then held fixed in fitting the inulin and antipyrine disposition data. Data were weighted according to 1/C 2 to achieve a satisfactory fit of the tail part of the curve. Since this distorts fitting of the early mixing phase (up to ϳ2 min), we used an iterative procedure based on the fact that this first phase of the curve mainly contains information on TTD of the pulmonary circulation. The "goodness of fit" was judged by the model selection criterion (MSC) provided by SCIENTIST (a modified Akaike Information Criterion normalized to the number and scaling of data points). The most appropriate model, from a statistical point of view, is that with the largest MSC. Additionally, the R 2 value of the fits was reported. The reliability of parameter estimation was assessed by the asymptotic coefficients of variation of individual parameter estimates. Having estimated the parameters Q, V B,p, RD B,p 2 , VB,s, RD B,s 2 , and Vp, RD p 2 , Vs, RD s 2 , from the disposition data of the intravascular (i.e., blood) marker (ICG) and extravascular markers (inulin and antipyrine), respectively, the RD s 2 estimates can be interpreted by Eq. 4 in terms of intravascular mixing and blood-tissue exchange. The total volume of distribution and the total body clearance are obtained as V ss ϭ Vp ϩ Vs and CL ϭ E ϫ Q, respectively.
The results are expressed as means (SD) of the parameters estimated in four dogs. For comparisons of treatments with control, a one-way repeated-measures ANOVA followed by Bonferroni's multiple comparison tests was performed. P values of Ͻ0.05 were considered statistically significant.
Sensitivity Analysis
Sensitivity analysis provides useful information regarding the influence of each parameter on the concentration-time profile C(t). Thus the temporal variability in sensitivities affects parameter uncertainty. Information about a model parameter p may be most accurately gained at time points with a high sensitivity to the parameter p. The sensitivity function
determines the relative change in C(t) caused by a small relative change in the model parameter p. Because Sp is nondimensional, it allows a comparison of results obtained for different parameters and indicators. With the use of Eq. 1, the sensitivity functions were calculated with the help of Maple 5 (Waterloo Maple, Waterloo, Ontario, Canada) after implementing a numerical method of inverse Laplace transformation (19) .
RESULTS
The fitting of the model (Eq. 1) to indicator disposition data under the various conditions studied is exemplified in Fig. 2 . Satisfactory fits were achieved, with the exception of systematic deviations in the early mixing phase (i.e., immediately after the first-pass peak). The mean R 2 values, which are a measure of the goodness of fit of the model, were 0.993, 0.989, and 0.993 for ICG, inulin, and antipyrine, respectively, under control conditions. Similarly, the mean MSC values were 4.1, 5.9, and 5.5 for ICG, inulin, and antipyrine, respectively. No significant changes in these goodness-of-fit parameters were observed for concentration versus time data obtained during an infusion of isoproterenol or phenylephrine. The adjustable parameters, Q, V B,p , RD B,p 2 , V B,s , RD B,s 2 , and E for ICG and V p , RD p 2 , V s , RD s 2 , and E for the extravascular indicators inulin and antipyrine, could be estimated with reasonable precision. The average model parameters and estimation errors (as coefficients of variation) are listed in Table 1 . Parameters were estimated with relatively low coefficients of variation. The sensitivity functions shown in Fig. 3 indicate how the relative dispersions influence the disposition curve in the investigated time range. We have limited sensitivity analysis to the relative dispersions because it is also obvious from previous work (16) that the other (model independent) parameters could be estimated without problems. For inulin and antipyrine, the model output, C(t), was sensitive to parameter RD s 2 in the first 15 min, whereas from 50 to 200 min, the sensitivity was higher for inulin. As expected, C(t) was almost insensitive to variation in RD p 2 , except for the time around the initial and recirculation peak concentration. For the vascular marker ICG, the sensitivity for RD B,p 2 was narrowed to an interval of ϳ0 -1.5 min after bolus injection. The requirement of high sampling rate in regions with high sensitivity was fulfilled for the relative dispersion by the experimental design of this study.
For the capillary permeability-limited solute inulin, RD s 2 increased linearly with cardiac output (Fig. 4) , in accordance with theory because Q/PS s Ͼ 1 and d s /MTT B,s Ͻ Ͻ 1 (Eq. 4). At the opposite extreme, the RD s 2 of the flow-limited indicator antipyrine (Q/PS s Ͻ Ͻ 1) showed no significant dependency on cardiac output (Fig. 5) , but the intercept of the regression line, 3.3 Ϯ 0.5, was similar to the RD B,s 2 of the vascular marker, 3.0 Ϯ 0.3 ( Table 1 ), indicating that there was no significant contribution from tissue diffusion to RD s 2 (the third term in Eq. 4). However, this linear relationship held only for the control and isoproterenol treatments, whereas the phenylephrine treatment resulted in higher RD s 2 than the other treatments, despite producing a lower cardiac output (Fig. 5) . The latter result cannot be explained by Eq. 4 (vide infra). Note that the slope of the RD s 2 versus Q relationship estimated for inulin (Fig. 4 ) of 4.1 min/l leads to a permeability surface product PS s of 0.11 l/min (substituting the estimated average v s ϭ 0.46 into Eq. 4).
If we alternatively calculate PS s in each dog (Eq. 5) using the estimates of relative dispersion of inulin (RD s 2 ) and ICG (RD B,s 2 ), we get values of 0.54 Ϯ 0.26, 0.45 Ϯ 0.19, and 0.37 Ϯ 0.05 for the control, phenylephrine, and isoproterenol treatments, respectively. Although the slope of the RD s 2 versus Q relationship was not significantly different from zero for antipyrine (Fig. 5) , RD s 2 was significantly higher than RD B,s 2 in the control group; thus Eq. 6 could be used to calculate the equilibration time constant d s of 10.1 Ϯ 4.6 min that characterizes whole body distribution of antipyrine due to extravascular diffusion.
There were no significant changes in RD B,s 2 and RD B,p 2 of ICG under control conditions and during infusion of the vasoactive drugs, indicating that a change in cardiac output did not alter the heterogeneity of capillary transit times. However, treating the estimates for ICG and antipyrine as one group, a significant increase in the relative dispersion through the pulmonary circulation, RD p 2 , during phenylephrine infusion was observed. The estimates of RD s 2 and RD p 2 were used to calculate CL M (Eq. 8) as a measure of whole body distribution kinetics. The distribution clearance, CL M , of antipyrine significantly increased and decreased during isoproterenol and phenylephrine infusion, respectively, and exceeded significantly that of inulin, except during the phenylephrine infusion (Fig. 6 ). Like RD s 2 , the CL M of antipyrine during the phenylephrine infusion was inconsistent with the linear relationship between CL M and Q observed during control and isoproterenol infusion conditions (Fig. 7) . Hemodynamic changes had no significant influence on the CL M of inulin (Fig. 6) .
Fig. 2. Representative fits of circulatory model to arterial indicator concentrations after bolus injection (dog 2) for indocyanine green (ICG) (A), inulin (B)
, and antipyrine (C) without vasoactive drug (Con, control), during phenylephrine (Phe) infusion, and during isoproterenol (Iso) infusion. Inset: disposition curve up to limit of detection.
DISCUSSION
The results of this study show that 1) the inverse Gaussian distribution can be used as TTD for inulin and antipyrine, extravascular indicators with opposite extreme diffusion properties, as well as for the intravascular markers (ICG), to estimate the relative dispersions; 2) the relative dispersion in the systemic circulation (RD s 2 ) is a linearly increasing function of cardiac output with a slope that is inversely related to solute diffusivity (Figs. 4 and 5 ), in accordance with the theoretical prediction when no flow redistribution occurs; 3) the total distribution clearance decreases with increasing RD s 2 (Eq. 8 and Fig. 6 ) and increases with cardiac output for highly diffusible solutes (Fig. 7) ; and 4) the concomitant estimation of relative dispersion of ICG as a measure of intravascular mixing kinetics (multiple indicator dilution approach) allows the calculation of overall capillary permeability or diffusional equilibration time of extravascular markers. Taken together, these results suggest that RD s 2 is a useful model-independent measure of whole body distribution kinetics that can be interpreted in terms of the underlying physiological mechanisms. The approach avoids the assumption of well-mixed homogeneous compartments underlying previous models of whole body distribution of solutes (8, 10, 18) . Apart from the possibility that this simplification may produce biased parameter estimates due to model misspecification, these models cannot predict, for example, the dependency of solute distribution on cardiac output.
Relative Dispersion in Pulmonary Circulation
Although the primary aim of this study was the estimation and interpretation of relative dispersion in the systemic circulation, our estimate of vascular pulmonary dispersion (RD p 2 ϭ 0.039, i.e., RD p ϭ 0.2) obtained by analyzing the whole body disposition data is in the same order of magnitude as the values of 0.46 and 0.38 estimated in the anesthetized dog (14) and perfused dog lung lobes (6), respectively. The phenylephrineinduced increase in RD p 2 by 41% and decrease of V p by 17% is comparable to the changes of 75 and 15%, respectively, reported after hypoxic pulmonary vasoconstriction (7). Because Audi et al. (1) have shown that a flow change per se does not change RD p 2 , the increase in relative dispersion by phenylephrine may be attributed to an increased heterogeneity of flow distribution. Because of the small interstitial space of the lungs (v p ϳ0.02) (20) , whole body methods are not sensitive enough to detect differences in the pulmonary distribution volumes and relative dispersion of indicators. Values are means (SD) or coefficient of variation (SD). Subscripts s and p denote systemic and pulmonary circulation, respectively. †Vss ϭ Vs ϩ Vp; ‡CL ϭ E ϫ Q. Asymptotic coefficient of variation (CV%) is a measure of imprecision of individual parameter estimates. ICG, indocyanine green. *P Ͻ 0.05 vs. control.
Relative Dispersion in Systemic Circulation
The relative dispersion of an intravascular marker in the systemic circulation, RD B,s 2 , is due to the advective dispersion in the vascular networks. In the present lumped organ model, the main determinant of RD B,s (16) by using a recirculatory model in which the systemic circulation consists of only two compartments, the splanchnic and nonsplanchic circulation (11), we obtain RD B,s 2 values of 2.0 and 2.7, respectively. Thus neither phenylephrine nor isoproterenol infusion led to a significant change in RD B,s 2 . It should be also pointed out that the estimated relative dispersion of circulation times, RD B,c 2 (see Eq. A2), of 1.3 Ϯ 0.1 is surprisingly near to the value of 1.4, characterizing an optimal circulatory mixing process for an inverse Gaussian TTD (29) . This verifies the practical usefulness of the "initial mixing volume" approximation underlying Eq. 8. The linear increase of RD s 2 of inulin with cardiac output (Fig.  4) was predicted by theory (Eq. 4) and suggests that, for permeability-limited solutes, the systemic TTD becomes more heterogeneous when cardiac output increases. This relationship allows the calculation of whole body average of PS s (0.11 l/min) that is in accordance with the value of 0.1 l/min measured in human forearm muscle (13) . As expected for capillary permeability-limited distribution, where the influence of extravascular diffusion (third term in Eq. 4) is negligible (4), no significant change of PS s was observed during phenylephrine and isoproterenol infusions. The latter is in accordance with the finding that an increase in coronary flow by isoproterenol had no effect on PS s of inulin in the perfused rabbit heart (36). Note, furthermore, that the relative dispersion of recirculation times, RD c 2 ϭ 15.6 Ϯ 4.5, estimated here for inulin is similar to that of 19.6 Ϯ 3.5 estimated in dogs for the extracellular marker diethylentriaminepentaacetic acid (25) .
The distribution of antipyrine is generally assumed to be flow-limited (2, 16) . In the isolated perfused rat hindlimb, for example, a ratio Q/PS Ͻ 0.05 was found (34) . In contrast to inulin, no significant increase of RD s 2 with cardiac output was observed for antipyrine (Fig. 5) , confirming high capillary permeability (i.e., Q/PS s Ͻ Ͻ 1). With the use of Eq. 6, a time constant of diffusional intratissue equilibration, d s , of ϳ10 min, which characterizes the rate of antipyrine mixing into total body water, was obtained under control conditions. With the use of the diffusion coefficient of antipyrine in intracellular material (D eff ϭ 0.4 ϫ 10 Ϫ5 cm 2 /s) (9) and with the assumption of an intercapillary distance L ϭ 40 m, we obtain a value of 6.6 min for d s ϭ L 2 / D eff , which is comparable to our estimate. This finding supports the suggestion that extravascular diffusion is an important determinant of antipyrine distribution kinetics (9) .
The significant increase in antipyrine RD s 2 during phenylephrine infusion is in contrast to the prediction by Eq. 4 that the relative dispersion of ICG is the main determinant of RD s 2 for antipyrine. The opening of arteriovenous anastomoses and/or a redistribution of cardiac output among organs with different resistance to antipyrine diffusion are possible explanations (16) ; the latter could increase the systemic transit time heterogeneity of antipyrine without affecting that of ICG. This becomes clear if we apply Eq. 7 to a permeating solute taking into account that the organ RD s,i 2 and RD B,i 2 values could be quite different. This result sheds light on the observation that during the phenylephrine infusion the antipyrine concentration in the early mixing phase was affected not only by cardiac output but also by its regional distribution, noting that parenchymal diffusion barriers may differ among organs (16) . However, the mechanism underlying this effect remains to be established. Note, furthermore, that our RD s 2 estimate for antipyrine, 3.7 Ϯ 0.5, is close to that of 2.9 for [
13 N]ammonia in pigs (35) , another indicator undergoing flow-limited distribution.
Distribution Clearance
As an overall measure of mixing kinetics of solutes into their distribution volumes, CL M is based on a very simple model (Eq. 8), thus avoiding detailed assumptions about the underlying physiology. As expected for flow-limited distribution, the CL M values obtained for antipyrine under control conditions and during isoproterenol infusion were not only approximately sixfold higher (control) and ϳ12-fold higher (isoproterenol) than those for inulin (Fig. 6 ) but also flow dependent, i.e., proportional to cardiac output (Fig. 7) . This did not hold during phenylephrine infusion, where, due to the concomitant increase in RD c 2 discussed above, the cardiac output reduction leads to a more pronounced decrease in CL M (Eq. 8) to a value near that observed for inulin. Thus both the decrease in cardiac output and its redistribution may affect mixing of antipyrine into its distribution volume (16) . In contrast, the distribution clearance of the permeability-limited indicator inulin was not influenced by hemodynamic changes (Fig. 6 ). This becomes clear if we note that Q practically cancels in Eq. 8 after substitution of RD s 2 ϳ Q/PS s (for Q/PS s ϾϾ 1, Eq. 4 and Fig. 4 ). For antipyrine, at the other extreme, RD s 2 becomes practically independent of Q (Q/PS s Ͻ Ͻ 1, Eq. 4 and Fig. 5) , with the consequence that CL M increases proportional to Q (Fig. 7) . Thus, for other solutes with an intermediate diffusivity, one would expect a slope of the CL M ϳ Q relationship between the values found here for inulin and antipyrine.
The role of CL M in whole body distribution kinetics is illustrated in Fig. 8 , which shows the corresponding normalized equilibration curves, i.e., concentration-time profiles in a hypothetical noneliminating system. The area under the mixing curve, AUC M , of antipyrine increases and decreases, respectively, during phenylephrine and isoproterenol infusions (Eq. A6). Note that the mixing curves for inulin superimpose on that of antipyrine during phenylephrine infusion. Thus, while neither phenylephrine nor isoproterenol influence the rate of inulin mixing into the interstitial fluid, the much higher rate of antipyrine distribution into total body water is further increased by isoproterenol and reduced by phenylephrine to the value observed for capillary permeability-limited distribution. Finally, these results provide an explanation for the observation made by Small and Homer (25) that solute mixing in extracellular fluid occurs more rapidly if the variance of circulatory transit times is small.
Comparison of Models
A condition that limits the complexity of models of solute distribution in the body is that they must be theoretically and practically identifiable while remaining consistent with known physiology. For the previously applied multicompartment circulatory model (15, 16) , this necessary simplification consists of the assumption of well-mixed compartments arranged in parallel in the systemic circulation. In this work, we take an alternative strategy that lumps the parallel tissue systems into one heterogeneous subsystem, without assuming well-mixed distribution volumes. Thus each of the two modeling approaches has pros and cons. Reflecting the fundamental structure of the circulatory system, the current model extracts information about circulatory mixing, permeation kinetics, and extravascular diffusion of indicators without providing information on the role of parallel distribution channels in the systemic circulation. The multicompartment model provides information on distribution of indicators across distributive and nondistributive parallel pathways in the systemic circulation, without distinguishing between advective and diffusive transport processes. In quantifying the contribution of circulatory mixing to RD s 2 as given by the RD B,s 2 estimates of ICG, the present approach takes advantage of the underlying multiple indicator dilution methodology, which was first applied to whole body kinetics by Henthorn et al. (10) by using classical compartmental modeling. Thus our results suggest that it is worthwhile to look at the problem of whole body distribution kinetics from different points of view, i.e., by using structurally different, albeit complementary, models.
It is not unexpected that the current model, which characterizes distribution kinetics in each of the two subsystems with only one parameter (RD 2 ), does not provide the same quality of fit of the marker concentration versus time data during the early mixing phase (i.e., immediately after the first-pass peak) as the multicompartment recirculatory model (16) , which has more parameters. This, however, did not affect the parameter estimates characterizing distribution in the systemic circulation. As theoretically expected, all estimates of parameters that are independent of a specific structural model, such as steady-state parameters like distribution volumes and systemic clearance (extraction ratio), correspond well with the estimates previously reported and discussed using a multicompartment recirculatory model (16) . Thus our discussion in this study is focused on distribution kinetics.
Recall that the task here was to test both the usability of the inverse Gaussian distribution as an empirical model to estimate the relative dispersion of systemic transit times and its physiological interpretability by means of a lumped organ model. Thus the parameter CL M was proposed as a measure of overall rate of solute mixing into their distribution volumes. The next step is to split the systemic circulation into two subsystems, skeletal muscle and the rest, and to identify this more complicated system by using a priori information (Bayesian estimation technique). With provision of bridge between the alternative approaches discussed above, this extended model would allow the estimation of muscular uptake clearance (and RD 2 ) of, for example, insulin, which has shown to distribute like inulin (24) .
We conclude that the estimation of transit time dispersions on the basis of a recirculatory model assuming inverse Gaussian TTDs is a useful method to study the distribution kinetics of solutes in whole body multiple indicator dilution experiments. The systemic transit time dispersion of the vascular marker ICG was mainly determined by the heterogeneity of organ mean transit times. For the extravascular solutes inulin and antipyrine, the dependency of RD s 2 on drug-induced changes in cardiac output was consistent with the prediction of a lumped organ model if the influence of flow redistribution among organs can be neglected. Apart from providing a better quantitative understanding of the determinants of whole body distribution of solutes, this approach allows to study the effect of disease states not only on physiological distribution volumes but also on the underlying distribution kinetics of the respective indicators. The results obtained here for the indicators inulin and antipyrine also provide information on distribution kinetics of, for example, insulin (24) and ammonia (35) , thus suggesting that the uptake rate of insulin into skeletal muscle (which mainly determines CL M ) is independent of flow, whereas the distribution clearance of ammonia is proportional to cardiac output. Given the information provided by RD 2 , the model may find application in other fields, such as analysis of noninvasively measured cardiopulmonary TTDs (23) .
APPENDIX A
Circulatory Minimal Model of Indicator Disposition
The assumption of a well-mixed blood (sampling) compartment made in classical compartmental modeling is in contrast to noninstantaneous circulatory mixing after intravenous bolus injection. The use of TTDs, i.e., TTD functions f(t) of compounds across organs or subsystems of the body, avoids such an assumption and provides a more general framework for the evaluation of solute distribution kinetics. In the Laplace domain, we can take advantage of the simple rule to derive the TTD of two subsystems connected in series, f(s) ϭ f 1(s)f2(s), to analyze the minimal circulatory system (Fig. 1) . The input to the pulmonary circulation is given by Ĉ pul,in ϭ Ĉ (s) fs(s)(1 Ϫ E) ϩ Div/Q (output of the systemic circulation plus contribution of bolus dose), and because Ĉ (s) ϭ Ĉ pul,out ϭ Ĉ pul,in(s)fp(s), we obtain Eq. 1 by solving the resulting equation for Ĉ (s). Note that the factor (1 Ϫ E) is the probability that a molecule with a systemic extraction ratio E ϭ CL/Q will pass through the systemic circulation. Because Dashed curve, normalized mixing curves for inulin under Con conditions, which superimposes on that of antipyrine during Phe infusion (same holds for inulin curves during drug infusion). Note that, in accordance with the underlying theoretical concept, simulation starts after initial intravascular mixing period (t Ͼ 1 min). All curves were simulated by using parameter estimates in dog 2 (disposition curves shown in Fig. 2 , B and C) and E ϭ 0.
